Diet-related health issues such as nonalcoholic fatty liver disease and cardiovascular disorders are known to have a major inflammatory component. However, the exact pathways linking diet-induced changes (e.g., hyperlipidemia) and the ensuing inflammation have remained elusive so far. We identified biological processes related to innate immunity and oxidative stress as prime response pathways in livers of low-density lipoprotein receptor-deficient mice on a Western-type diet using RNA sequencing and in silico functional analyses of transcriptome data. The observed changes were independent of the presence of microbiota and thus indicative of a role for sterile triggers. We further show that malondialdehyde (MDA) epitopes, products of lipid peroxidation and markers for enhanced oxidative stress, are detectable in hepatic inflammation predominantly on dying cells and stimulate cytokine secretion as well as leukocyte recruitment in vitro and in vivo. MDA-induced cytokine secretion in vitro was dependent on the presence of the scavenger receptors CD36 and MSR1. Moreover, in vivo neutralization of endogenously generated MDA epitopes by intravenous injection of a specific MDA antibody results in decreased hepatic inflammation in low-density lipoprotein receptor-deficient mice on a Western-type diet. Conclusion: Accumulation of MDA epitopes plays a major role during diet-induced hepatic inflammation and can be ameliorated by administration of an anti-MDA antibody. (HEPATOLOGY 2017;65:1181-1195 T he combination of sedentary lifestyle and nutrient surplus has resulted in alarmingly high incidences of metabolic diseases that encompass an array of manifestations including obesity, hypertension, dyslipidemia, and insulin resistance.
T he combination of sedentary lifestyle and nutrient surplus has resulted in alarmingly high incidences of metabolic diseases that encompass an array of manifestations including obesity, hypertension, dyslipidemia, and insulin resistance.
(1-4) As a consequence, the risk of developing type 2 diabetes, nonalcoholic fatty liver, and cardiovascular disease has increased. However, the exact Abbreviations: BMDM, bone marrow-derived macrophage; BSA, bovine serum albumin; CD, cluster of differentiation; CONV-R, conventionally raised; CXCL1, chemokine (C-X-C motif) ligand 1; DAMP, danger-associated molecular pattern; GF, germ-free; Ig, immunoglobulin; Ldlr, low-density lipoprotein receptor; MAA, malondialdehyde-acetaldehyde; MAA-BSA, MAA-modified BSA; MDA, malondialdehyde; MSR1, macrophage scavenger receptor 1; NASH, nonalcoholic steatohepatitis; ND, normal diet; NFjB, nuclear factor jB; OSE, oxidation-specific epitope; OxLDL, oxidized low-density lipoprotein; PBS, phosphate-buffered saline; ROS, reactive oxygen species; TBARS, thiobarbituric acid-reactive substances; TLR, Toll-like receptor; WD, Western-type diet.
pathways that link diet-induced changes (e.g., hyperlipidemia) and the ensuing inflammation have remained elusive so far.
Increased oxidative stress is associated with tissue injury and inflammation where an accumulation of free radicals results in the generation of lipid decomposition products such as malondialdehyde (MDA). (5) MDA can covalently modify self-molecules such as proteins or phospholipids and form hapten-like moieties termed "MDA epitopes." These and other oxidative modifications are collectively called "oxidation-specific epitopes" (OSEs) and have been found on the surface of dying cells in vitro as well as in many inflammatory pathologies including atherosclerosis. (6) We and others showed previously that OSEs are recognized by soluble and membrane-bound factors of the innate immune system. (6) For example, we demonstrated that up to 15% of all natural antibodies recognize MDA epitopes. (7) Consistent with the role of natural antibodies in promoting clearance of damaged cell structures, we hypothesize that MDA epitopes, being a major target of OSEspecific natural antibodies, constitute prominent endogenous danger-associated molecular patterns (DAMPs) that could propagate an existing inflammation and render it chronic.
In the current study, we provide several lines of evidence that MDA epitopes represent important DAMPs that initiate and perpetuate inflammatory processes in the liver triggered by a Western-type diet (WD).
Materials and Methods

ANIMAL EXPERIMENTS
C57BL/6J and low-density lipoprotein receptordeficient (Ldlr -/-) mice were purchased from Charles spleens on an atherogenic diet, (4) tested for endotoxin and microbial contaminations; kind gift of J.L. Witztum) or phosphate-buffered saline (PBS) intravenously on day 1 and day 4 after starting the diet. Hepatic inflammation was assessed by RNA sequencing and/or immunohistochemistry as well as gene expression analyses of selected genes using quantitative RT-PCR. Lipid and liver enzyme levels in plasma and liver homogenates were determined as described. (8) Hepatic oxidative stress was assessed by histochemistry and flow cytometry. Sterile peritonitis was induced in female C57BL/6J mice, 11-16 weeks old, using 25 mg/kg MAA-modified bovine serum albumin (MAA-BSA) or unmodified (naive) bovine serum albumin (BSA) suspended in 200 mL PBS. After 2 hours, peritoneal fluid and cells were harvested and checked for leukocyte recruitment by flow cytometry and cytokine secretion by enzyme-linked immunosorbent assays.
STATISTICS
All data are displayed as mean 6 standard error of the mean. For comparison of two groups, the Student paired (when applicable) or unpaired t test was used. For comparison of more than two groups, one-way analysis of variance followed by Tukey's multiple comparison test was used. All analyses were performed with GraphPad Prism, version 6.04. P < 0.05 was considered significant.
Additional details can be found in the Supporting Information.
Results
WD-INDUCED STEATOHEPATITIS ACTIVATES INNATE IMMUNE RESPONSES IN
We have previously shown that short-term feeding of a WD to atherosclerosis-prone Ldlr -/-mice that display a lipoprotein profile resembling the situation in dyslipidemic humans results in the development of hepatic steatosis and inflammation. (9) To investigate factors and mechanisms contributing to diet-induced hepatic inflammation in an unbiased manner, we fed Ldlr -/-mice a ND or WD for 2 or 4 weeks and performed transcriptomic profiling of liver tissue using RNA sequencing. Lipid levels in both plasma and liver were elevated in the mice fed WD, accompanied by hepatic leukocyte infiltrates (Supporting Fig. S1A ,B and Table  S1 ), in line with our previous study. (9) In general, all transcriptome data were similar across all samples and replicates, with Pearson correlation coefficients in the range 0.96-0.98 (Supporting Fig. S2A ). Furthermore, RNA sequencing profiles for 2 and 4 weeks of WD-fed mice were more similar to each other than to those of ND-fed mice (Supporting Fig. S2B,C) . When comparing the intersection of differentially regulated genes between the groups, we found that most genes differentially regulated in 2-week WD versus ND comparisons were also different in 4-week WD versus ND comparisons (>400; Supporting Fig. S2C , first vertical bar). Collectively, WD induces highly consistent and robust alterations of hepatic gene expression between biological replicates and time points. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology analyses of the transcripts differentially regulated upon 2 weeks of WD demonstrated enrichment of genes involved in pathways and biological processes mainly related to immune responses and responses to external stimulus or stress (Fig. 1A) , including the chemokine signaling pathway, leukocyte transendothelial migration, cytokine-cytokine receptor interaction (Fig.  1B) , and metabolic activity (Fig. 1C) , consistent with other high-fat diet models. (10, 11) Already 2-week WD resulted in significant enrichment of genes associated strongly with mechanisms of innate immunity such as Fcc-mediated phagocytosis, complement system, and the Toll-like receptor (TLR) signaling pathway (Fig.  1B) . Many inflammatory genes regulated by WD primarily belonged to the protein families of chemokines and complement components, indicating a predominant activation of innate immune responses in this model of diet-induced hepatic inflammation (Fig. 1D) . Indeed, also pattern-recognition receptors such as Tlr2, Tlr9, Clec12a, and Nlrp3 were up-regulated as well as regulators and transcription factors of the nuclear factor jB (NFjB) pathway, a prominent signal transduction mechanism of innate immunity (Fig. 1D ). In addition, Gene Ontology analysis of the significantly downregulated transcripts in livers after 2 weeks of WD revealed a strong enrichment of genes involved in the biological process "oxidation reduction" (Fig. 1C) , suggesting activation of oxidative stress response pathways. Indeed, a set of genes implicated in the oxidative stress response was found to be deregulated upon WD in our global analysis (Fig. 1E) . Together, we show that 2 weeks of WD are sufficient to induce global changes in the expression of hepatic genes, which are still present and largely unchanged after 4 weeks of WD feeding, with a strong enrichment for transcripts involved in innate immunity and the oxidative stress response.
MICROBIOTA ARE NOT REQUIRED FOR THE DEVELOPMENT OF HEPATIC STEATOSIS AND INFLAMMATION
To test whether the presence of microbiota is a requirement for diet-induced hepatic inflammation in hypercholesterolemic mice, we fed CONV-R and GF Ldlr -/-mice a WD for 2 weeks and analyzed their livers for the presence of inflammation. Even in the absence of microbiota, WD induced hyperlipidemia, hepatic steatosis, and inflammation in Ldlr ( Fig. 2A,B ) characterized by infiltration of neutrophils and macrophages (Fig. 2C ). Of note, the numbers of WD-induced infiltrating cells were significantly lower in GF Ldlr -/-mice compared to their CONV-R counterparts, indicating that the presence of commensal microbiota has the capacity to augment phagocyte accumulation in the liver. We found that a range of transcripts involved in inflammatory responses that were highly up-regulated due to WD in our global analysis were also up-regulated in GF Ldlr -/-mice upon WD (Fig. 2D) . Importantly, we confirmed that key deregulated genes involved in the oxidative stress response such as Cybb, Nrros, Irg1, Mmp12, Ncf1, and Ncf2 were also significantly up-regulated in livers of GF mice after 2 weeks of WD (Fig. 2F ). This observation suggests that WD evokes the development of increased oxidative stress and innate defense mechanisms independent of the presence of microbiota. Indeed, induction of the gene for chemokine (C-X-C motif) ligand 1 (Cxcl1) was comparable between GF and CONV-R mice (Fig. 2E) . Thus, sterile, nonbacterial triggers have a major contribution to diet-induced hepatic inflammation.
WD CAUSES ENHANCED OXIDATIVE STRESS AND FORMATION OF MDA EPITOPES IN THE LIVER
Consistent with our findings, multiple lines of evidence document the occurrence of oxidative stress in hepatic inflammation. (10, 12) Therefore, we investigated whether livers from WD-fed mice exhibited more oxidative stress by staining for hepatic reactive oxygen species (ROS) production. We found that these livers indeed displayed increased dihydroethidium staining, indicating higher levels of ROS production compared to livers from ND-fed mice (Fig. 3A) , consistent with the oxidative stress response profile on the transcriptome level (Fig. 1E) . Additionally, flowcytometric analysis of both whole livers and isolated Kupffer cells using the oxidative stress indicator chloromethyl 2 0 ,7 0 -dichlorofluorescein diacetate demonstrated a robustly elevated ROS production in the livers of WD-fed mice (Fig. 3B) . Importantly, we also detected elevated oxidative stress in livers of GF mice on WD compared to ND (Supporting Fig. S3A ). As a major consequence of oxidative stress is lipid peroxidation, we next investigated whether feeding Ldlr -/-mice WD also results in the production of thiobarbituric acid-reactive substances (TBARS). Increased TBARS were found in Kupffer cells isolated from mice after 2 or 4 weeks of WD, while no differences could be detected in whole-liver homogenates ( (Fig. 3D) . Furthermore, using flow cytometry and a previously characterized monoclonal natural IgM antibody (LR04) with specificity for MDA, (4) we also found an increased frequency of cells carrying MDA epitopes in livers of WD mice, while an IgM isotype control antibody displayed only minimal binding ( Fig. 3E ; Supporting Fig. S3C ). The density of MDA epitopes as calculated by mean fluorescence intensity was also significantly increased in liver cells of WD mice (Supporting Fig. S3D ). Similar results were obtained using a polyclonal IgG antibody against MDA ( Fig. 3E;  Supporting Fig. S3D ). These data are consistent with previous studies showing the occurrence of MDA epitopes in chronic liver diseases including nonalcoholic steatohepatitis (NASH). (13) (14) (15) To determine the identity of the cells recognized by MDA antibodies, we costained liver cell suspensions with markers for cell death and leukocytes. We found that LR04 1 cells were detected within the population of dying cells, as characterized by Annexin V and 7-amino-actinomycin D staining (Fig. 3F) . Moreover, LR04
1 cells were to a 1 cells within the LR04-positive fraction (right). Data are presented as mean 6 standard error of the mean of n 5 3-5 mice/group and were analyzed by Student unpaired t test: *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 50 lm. Abbreviations: 7-AAD, 7-amino-actinomycin D; 2w/4w, 2 weeks/4 weeks. by oxidation of intracellular fatty acids (Supporting Fig. S3E ). On the other hand, members of the glutathione S-transferase family involved in detoxification responses such as Gsta1 and Gsta2 were found to be down-regulated in Kupffer cells upon WD (Supporting Fig. S3E ). Thus, feeding WD to Ldlr -/-mice induces hepatic ROS production, and accumulation of MDA mainly presented on dying Kupffer cells.
To identify the specific proteins carrying MDA epitopes and thereby mediating proinflammatory effects, we performed immunopurification of homogenized liver samples from mice fed WD for 4 weeks using LR04 and an isotype control antibody and analyzed the obtained protein fraction by mass spectrometry. Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis of 189 proteins found in the LR04 but not in the control pulldown demonstrated an enrichment for proteins located in the mitochondrial compartment and involved in metabolic and oxidative processes (Supporting Fig.  S3F ), in line with previous studies. (5) These findings are consistent with a documented role of oxidative stress in programmed cell death and our identification of dying cells as major carriers of MDA epitopes in the liver of WD-fed mice.
MDA EPITOPES INDUCE PROINFLAMMATORY CHEMOKINE RESPONSES IN VITRO AND IN VIVO
Data from several laboratories suggest that MDA epitopes are not merely markers of oxidative stress but also proinflammatory triggers in various cell types. (16) (17) (18) Thus, we asked whether MDA epitopes could also mediate or further propagate the inflammatory response in the liver. Therefore, we prepared MDA epitopes by in vitro chemical derivatization of BSA as a carrier protein with MDA using a method that leads to the preferential formation of MAA epitopes (MAA-BSA), the immunodominant subset of MDA epitopes. (7, (19) (20) (21) Then we incubated cells harvested from whole-liver tissue of C57BL/6 mice with increasing concentrations of MAA-BSA and assessed the expression of Cxcl1, which is a prominent chemokine induced by lipid-derived danger signals such as oxidized phospholipids. (22, 23) Indeed, we found increased expression of Cxcl1 after 2 hours of stimulation with MAA-BSA but not sham-BSA by realtime quantitative PCR analysis (Fig. 4A) . Furthermore, CXCL1 secretion was also increased after stimulation with MAA-BSA (Fig. 4A) . Because of the critical role of Kupffer cells in the inflammatory response of the liver, we isolated F4/80 1 cells from wild-type livers and stimulated them with MAA-BSA. Compared to total liver cells, isolated Kupffer cells exhibited an even more pronounced and robust increase in Cxcl1 expression and CXCL1 secretion in response to MDA epitopes ( Fig. 4A; Supporting Fig.  S4A ). These data indicate that resident liver macrophages have the ability to sense and respond to MDA epitopes in vitro. To further characterize the inflammatory response mounted by macrophages after MAA-BSA stimulation, we incubated bone marrowderived macrophages (BMDMs) with increasing concentrations of sham-BSA or MAA-BSA, which revealed a dose-dependent response in CXCL1 secretion after 8 hours of stimulation, while naive or shamtreated BSA did not have any effect (Fig. 4B ; Supporting Fig. S4B ). In addition, a time-course experiment showed that expression of Cxcl1 as well as Cxcl2 peaked around 1-2 hours after stimulation (Fig. 4C ). To evaluate whether inflammatory genes induced by WD in liver could also be up-regulated by MAA-BSA in macrophages, we quantified the expression of selected genes in BMDMs after 2 hours of stimulation. Indeed, the expression of several chemokines and cytokines was found to be strongly induced following MAA-BSA stimulation (Fig. 4D) . (Fig. 4E) , despite a similar extent of modification as judged by the trinitrobenzenesulfonic acid assay. Among all modifications, MAA-BSA was also most strongly recognized by the natural IgM antibody LR04, consistent with previous observations by us and others that MAA epitopes are immunodominant structures generated by MDA. (7, (19) (20) (21) If not indicated otherwise, all stimulation experiments were performed using the MAA type of MDA epitopes but referred to as MDA epitopes as this is the commonly used term for the entire class of these epitopes.
Following our observation that macrophages respond to MDA epitopes, we tested whether scavenger receptors, which have been shown to bind to MDA epitopes, (24) are required for mediating MDAinduced signaling. We found that MSR1-deficient, but also CD36-deficient, macrophages displayed markedly reduced CXCL1 secretion compared to wild-type macrophages (Fig. 4F) . Inhibition of Data shown in (A-C) are pooled from n 5 14 mice/group from two independent experiments and are represented as mean 6 standard error of the mean; each symbol indicates an individual mouse. All data were analyzed by Student t test. ***P < 0.001, ****P < 0.0001. Abbreviations: infl., inflammatory; PMN, polymorphonuclear leukocyte. endocytosis using Dynasore abolished CXCL1 secretion upon MDA stimulation (Fig. 4F) , further indicating the importance of uptake for MDA-induced signaling. Interestingly and in contrast to oxidized low-density lipoprotein (OxLDL), which is recognized by a heterotrimeric complex composed of TLR4/6/ CD36, (22) TLR4 is not required for MDA signaling (Supporting Fig. S5A ). Moreover, MDA did not induce interleukin-1b secretion either alone or in macrophages primed with the lipopolysaccharide subunit Kdo2-Lipid A, in contrast to OxLDL (25) (Supporting  Fig. S5B ; data not shown). Finally, chemical inhibition of the NFkB pathway using a selective inhibitor of I kappa B kinase diminished MDA-induced chemokine Data in all panels are of n 5 5 (PBS/ND), n 5 6 (PBS/WD), or n 5 11 (isotype and LR04) mice per group and are represented as boxplots, where the box extends from the 25th to 75th percentile, the line represents the median, and the whiskers represent the smallest and the largest values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar, 50 lm. Abbreviations: ns, nonsignificant; RLU, relative light unit. secretion in macrophages (Supporting Fig. S5C ). Therefore, MDA epitopes are capable of activating signaling pathways that are mediated through scavenger receptors or dependent on scavenger receptormediated uptake and NFkB but independent of inflammasome activation.
As CXCL1 is a major chemokine involved in the recruitment of neutrophils, we induced sterile peritonitis in C57BL/6 mice using MAA-BSA. Indeed, intraperitoneal injection with MAA-BSA, but not BSA, resulted in a robust secretion of CXCL1 and CXCL2 after 2 hours (Fig. 5A ) and recruitment of neutrophils and Ly-6C hi inflammatory monocytes into the peritoneal cavity of MAA-injected mice, indicating that MDA epitopes have proinflammatory properties in vivo (Fig. 5B,C) .
PROTECTION FROM MDA EPITOPES RESULTS IN DECREASED HEPATIC INFLAMMATION
To investigate whether endogenously generated MDA epitopes can cause hepatic inflammation in vivo, we fed Ldlr -/-mice WD for 1 week, during which they received two intravenous injections of 200 mg of the anti-MDA IgM antibody LR04 or of an isotype control antibody or PBS on days 1 and 4 (Fig.  6A) . On day 8, mice that received the LR04 antibody had significantly increased plasma levels of IgM antibodies reactive with the MDA mimotope P2, which was previously developed by us as a unique ligand for LR04. (4) Importantly, total IgM plasma levels were not affected (Fig. 6B) . After 1 week of WD, all mice developed increased triglyceride and cholesterol levels in plasma and liver, which were not different among the three groups ( Fig. 6C and Table 1 ). In contrast, LR04-treated mice developed significantly less hepatic inflammation as demonstrated by reduced infiltration of neutrophils and macrophages compared to mice receiving PBS or isotype control antibodies (Fig. 6D,E and Table 1 ). Remarkably, the anti-MDA treatment resulted in an approximately 30%-40% reduction of leukocyte infiltrates (Fig. 6E) . Consistent with this, WD-induced Cxcl1 and Cxcl10 expression in the livers of LR04-treated mice was significantly reduced compared to livers of mice that received PBS or an isotype control (Fig. 6F) . Thus, hepatic inflammation induced by WD feeding is in part mediated by the accumulation of endogenously generated MDA epitopes triggering chemokine secretion and leukocyte recruitment.
Discussion
MDA epitopes are one specific type of OSE found on oxidized lipoproteins but also dying cells and microvesicles, which are membrane blebs that are shed from activated and dying cells. (26, 27) Their role as an exemplary oxidation-derived modification present on oxidized lipoproteins is studied best in atherosclerosis, where multiple reports have shown that vaccination against MDA-modified LDL protects from atherosclerosis in mice. (5) Nevertheless, a thorough understanding of both the disease-promoting effects of MDA epitopes in atherosclerosis and the contribution of MDA epitopes to other chronic inflammatory diseases has been elusive. Here, we report that MDA epitopes are major drivers and propagators of dietinduced hepatic inflammation.
Although there is little doubt that microbiota and their metabolites contribute to diet-induced inflammation in various organs, (28) (29) (30) (31) (32) (33) other sterile triggers such as cholesterol crystals, (34) OxLDL, (22) or advanced glycation end products (35) have also been suggested to promote sterile inflammatory responses. Our data demonstrate that WD-fed Ldlr -/-mice devoid of microbiota still develop hyperlipidemia, hepatic steatosis, and inflammation. Furthermore, WD-fed GF Ldlr -/-mice display enhanced oxidative stress and deregulation of oxidative stress response genes in the liver. Intriguingly, WD also induces the expression of classical pattern recognition receptors for bacterial ligands such as TLR2 and TLR9 in both CONV-R and GF livers. TLR9 has been suggested to mediate methionine/choline-deficient diet-induced NASH (28) by acting as a sensor of bacterial products that accumulate in the bloodstream due to dysbiosis in the gut. However, a recent study proposed a nonbacterial TLR9 ligand, mitochondrial DNA, to be involved in driving NASH. (36) We show that oxidation-derived MDA epitopes represent alternative, sterile pattern recognition receptor ligands that activate similar signaling pathways as microbial stimuli including NFkB signaling. In addition, inflammatory responses caused by other DAMPs or microbial danger signals resulting in oxidative stress and cell injury might lead to the formation of MDA epitopes that could act as amplifiers of an initial inflammation. Our findings describing that dying cells are major carriers of MDA epitopes in our model and that LR04-bound proteins in steatotic livers are prevalently of mitochondrial origin further suggest that MDA epitopes could also be associated with other DAMPs and thereby enhance their proinflammatory capacity.
Importantly, hepatic inflammation can be substantially improved by treatment with a specific MDA antibody, indicating that MDA epitopes contribute to the inflammatory phenotype in the liver of WD-fed Ldlr -/-mice. Of note, deficiency of CD36 and MSR1, which we found to be involved in MDA-induced inflammation, also results in reduced hepatic inflammation in this model, (37) and other receptors that have been implicated in the recognition of MDA epitopes may also contribute to it. (38) (39) (40) We show decreased expression of CXCL1 and CXCL10 in the livers of LR04-treated mice, which is consistent with the important roles of these chemokines and their receptors in other models of hepatic inflammation and their potential as biomarkers for fatty liver disease in humans. (41) (42) (43) The monoclonal MDA antibody LR04 used in the intervention study is part of the pool of natural IgM antibodies. Natural IgM antibodies perform important housekeeping functions by promoting the anti-inflammatory clearance of endogenous waste products. (6) Whereas one-third of natural IgM antibodies are targeted against OSEs, a considerable fraction of those (50%) recognizes specifically MDAbut not other-epitopes, (7) which suggests selective pressure for the maintenance of high titers of MDA IgM by default. Consistent with the sterile origin of MDA epitopes, we have shown that MDA IgM is detected in both CONV-R and GF mice, and MDA IgM levels do not change upon reconstitution of GF mice with commensal bacteria. (7) There is mounting evidence that low-MDA IgM titers are associated with an increased risk for cardiovascular disease (5) and with the presence of nonalcoholic fatty liver disease. (44) In line, we have shown that boosting natural IgM titers by active vaccination against OxLDL or using genetic mouse models results in reduced hypercholesterolemia and hepatic inflammation, suggesting that high-OSE IgM levels are protective. (8, 45) Many different OSEs exist and are likely generated during such a diet treatment. Remarkably, passive transfer of monoclonal IgM antibodies targeting the MAA type of MDA epitopes, which are immunodominant and proinflammatory, is sufficient to ameliorate hepatic inflammation by 30%-40% despite equal levels of steatosis. This effect may be mediated either by neutralization of the proinflammatory MDA moieties on cellular debris and microvesicles or by promoting IgM-mediated removal of dying cells tagged by MDA epitopes. (7, 27) The latter would also prevent the continued release of other danger signals such as mitochondrial DAMPs by promoting the clearance of dying cells that would otherwise accumulate.
Although MDA antibody administration in our subacute, short-term model mimicking early NASH stages was clearly effective, a beneficial outcome of this treatment in both long-term and more severe NASH models cannot be directly extrapolated from our results and has to be evaluated in future studies. These may also include MDA-based vaccination strategies designed to preferentially boost protective immune responses. (5) In this regard, our study not only identifies MDA epitopes as a critical target but also suggests a strategy that corrects for deficiencies in protective IgM with a minimal degree of manipulation of host immunity. Particularly when designing treatments for chronically ill patients, selectively targeting diseasepromoting structures is of great advantage. Thus, enhancing protective functions of natural host immunity by increasing MDA IgM titers could represent a novel approach for the development of therapeutic strategies.
